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Abstract 
Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
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1. Introduction 
The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract 
Abolition of EU milk quotas in April 2015 has provided a platform for milk production to grow significantly within the EU. This 
growth has been dramatic and instantaneous with a 33% increase in milk production recorded in 2016. Typically Irish dairy 
processors obtain this water from ground supply, river, lake or treated public supplies, however as milk production increases the 
hydraulic demand also increases therefore long term sustainability issues surrounding water supply required make it imperative 
that an intelligent manufacturing solution be found to this problem.  
This paper outlines experimental work using filtration based recovery technologies for material which is currently sent directly to 
processors’ wastewater treatment plant. A fundamental requirement to facilitate potential reuse is that the filtered material meets 
EPA and EU drinking water standards and guidelines. 
Thi  paper has established, through design of experiments, the optimal r nning paramete s for Ul rafiltrati n (UF), Nanofiltration 
(NF) and Reverse Osmosis (RO) membranes when filte ing samples of between 0 and 0.5% f t. For NF filters a speed of 35Hz and 
pressure of 135 PSI is optimal, for UF Filters a Speed of 35 Hz and a pressure of 400 PSI is recommended and for RO membrane 
a speed of 35 Hz and a PSI of 475 operates best.  
This paper further outlines the quality levels required by recovered filtered water to match current fresh water used on site. Only 
by achieving this level of quality, will filtration offer the opportunity to reduce fresh water requirements within the industry 
(estimated by at least 20%) which would also reduce the hydraulic load currently going to wastewater treatment plants, a limiting 
f ctor to expansion of the industry. 
 
 8  t . li   l i  . . 
This is an ope  access article under t  CC BY-NC-ND license (https://creativecommo s.org/licenses/by-nc-nd/4.0/) 
Peer-review under responsibility of the scientific committee of the 28th Flexible Automation and Intelligent Manufacturing 
(FAIM2018) Conference. 
Keywords: Sustainable Manufacturing Water Recovery; Standards 
Available online at www.sciencedirect.com 
ScienceDirect 
Procedia Manufacturing 00 (2018) 000–000 
www.elsevier.com/locate/procedia 
2351-9789 © 2018 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer-review under responsibility of the scientific committee of the 28th Flexible Automation and Intelligent Manufacturing (FAIM2018) 
Conference.  
28th International Conference on Flexible Automation and Intelligent Manufacturing 
(FAIM2018), June 11-14, 2018, Columbus, OH, USA 
Investigating Process Water Recovery Within the Irish Dairy 
Industry 
E. O’Connor, A. Ryan, G. Lohan and P. Cronin 
School of Engineering, University of Limerick, Castletroy, Limerick, Ireland. 
Abstract 
Abolition of EU milk quotas in April 2015 has provided a platform for il  production to grow sig ificantly within the EU. This 
gr wth has een dramatic and instantaneous with a 33% increase in milk production recorded in 2016. Typically Irish dairy 
processors obt in thi  water from ground supply, river, lake or treated public supplies, however as milk p o uction increases th  
hydr ulic dema d also in reases therefore long term su tainability issues surrounding water supply required make it imperative 
that an intellige t manufacturing solution be found to this problem.  
This paper outlines experimental work using filtration based r covery technologies for mat rial which is currently sent directly to 
processors’ wastewater treatme t plant. A fun amental requirement to facilitate potential reuse is that the filtered material meets 
EPA and EU drinking water standar s and guidelines. 
This paper has est blished, through desig  of experi nts, the optimal unning parameters or Ult afiltra on (UF), Na ofiltrati n 
(NF) and Reverse Osm sis (RO) membran s when filtering samples of b twe n 0 and 0.5% fat. For NF filters a speed of 35Hz d 
pressure of 135 PSI is optimal, for UF Filters a Speed of 35 Hz and a pressure of 400 PSI is recommended and for RO membrane 
a speed of 35 Hz and a PSI of 475 operates best.  
This paper furt er outlines the quality levels required by r c vered filtered water to match current fresh water used on site. Onl  
by achieving this level of quality, will filtration offer t e opportunity to reduce fresh water requi ements within the industry 
(estimated by at least 20%) which would also reduce the hydraulic load currently going to wastewater treatment plants, a limiting 
factor to expansion of the industry. 
 
© 2018 The Autho s. Publ shed by Elsevi r B.V. 
This is an ope  acces  article under CC BY-NC-ND lic nse (https://cr at vecommons. rg/licenses/by- c-nd/4.0/) 
Peer-review under responsibility of the scientific committee of the 28th Flexible Automation and Intelligent Manufacturing 
(FAIM2018) Conf rence. 
Keywords: Sustainable Manufacturing Water Recovery; Standards 
1180 E. O’Connor  et al. / Procedia Manufacturing 17 (2018) 1179–1186




The Irish dairy processing sector is one of the largest in Europe with annual production figures in excess of 
five billion litres. In 2013, the revenue from the dairy sector surpassed €3 Billion for the first time with an influence 
on the Irish food and drink export market of almost 30% [1].  
The Irish Department of Agriculture have acknowledged that the abolishment of milk quotas in 2015 is leading to a 
forecasted growth of 50% by 2020 in conjunction with a potential decrease in the overall value of milk given the 
surplus volumes [2].  
Figure 1 illustrates milk intake figures within the Republic of Ireland since the abolition of quotas. The data represents 
a 17.75% increase in domestic milk intake from the year 2014 to the year 2016. The current data available also 




Figure 1Milk Intake figures from Jan 2014 to Dec 2016 (Central Statistics Office 2017a) 
While milk intake is predicted to rise the environmental impact of the dairy industry combined with the increased 
water and energy requirements associated with the forecasted growth is a key limiting in the sector [4].  
This is evident from the fact that as the volume of milk being processed increases the requirements for water in dairy 
processing for cleaning, flushing and rinsing also increases. The possibility of using water-based by-products of the 
milk processing process exists and would help reduce the impact on water reserves. However to promote this reuse of 
process water it is a fundamental requirement that it meets or exceeds the  cleanliness standards of current mains water 
supply.  
This paper examines the possibility of using filtration systems to establish the datum level of cleanliness required and 
the optimal machine setup required for effective filtration.  
The following section outlines the filtration membranes and system employed. 
 
1.2 Filtration	System	
The system employed in this research is membrane filtration,  here different filter processes, where either can 
be used singly or in series with each other to improve the results. The filters employed for this investigation were 
Ultrafiltration (UF), Nanofiltration (NF) and Reverse Osmosis (RO) filters.  
These membrane filters are thin films which contain micro-pores, typically pore size is on a sliding scale with UF 
pores being significantly larger than RO pores (0.1µm compared to 0.001 µm) . Decreasing pore size requires greater 
energy to pump the raw material (liquid) through the system. The permeate is pushed (under pressure) through the 
membrane with the waste concentrate not passing through the filter membrane, thereby ensuring clean filtered 
permeate emanating from the filter. The typical pressure requirements are measured in bar, and it can range from 0.2 
bar to 5 bar in microfiltration up to between 10 bar to 150 bar in reverse osmosis [5]. Membrane technology has 
steadily grown with society as the high demand for freshwater, and less effluent has become apparent [6].  Membrane 
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technologies can now be used to clean effluent streams and aid in producing permeates of high quality for discharge. 
They can also now produce high quality permeates, where potable water quality standards can also be achieved [7]. 
Milani also stated in 2011, that the implementation of these technologies in the dairy industry for treatment of its 
waste streams and effluents for water reuse, could result in decreased freshwater intake and the disposal level within 
the industry [8]. 
Experimentation was undertaken using a Lab Scale Filtration system, Figure 2 outlines the membrane filtration unit 
schematic, with Figure 3 illustrating the unit itself. From Figure 2 it can be seen that essentially solution to be filtered 
is loaded into the balance tank, from here this solution is pumped (at variable speeds according to the filter loaded) 
through the filter, the permeate is collected, the concentrate is recirculated to the balance tank for reprocessing. The 
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Before undertaking any filtration it is first necessary to establish key operating parameters and setup for the 
equipment. This research commenced with a full factorial Design of Experiments (DoE), which was performed for 
each individual membrane, namely NF, UF and RO membranes. The run order was randomised with Table 1 outlining 
the Full factorial DoE for the filtration unit.  
The key input factors were pump speed and pressure of the unit respectively. These factors were broken into three 
levels of High, Medium and Low; these settings were chosen based on the operating limits of the various membrane 
technologies, as per the supplier specifications. The pump speed and corresponding pressures for each membrane are 
presented in Table 2. The key output measurable for this experiment is flow rate, it is desirable to develop the optimal 
setup which ensures maximum flow rate of permeate exiting  the filter. An increased flow rate will ensure an increased 
throughput, thereby offering the potential to treat more waste water.  
Table 1 Water Quality Testing Criteria 
Std Order Run Order Speed (Hz) Pressure (psi) 
2 1 L M 
5 2 M M 
1 3 L L 
6 4 M H 
3 5 L H 
9 6 H H 
7 7 H L 
4 8 M L 
8 9 H M 
Table 2 Level Settings for Membrane Experimentation 
Membrane UF NF RO 
Level L M H L M H L M H 
Pump Speed (Hz) 20 35 45 20 35 45 20 35 45 
Pressure (psi) 80 110 135 70 235 400 200 350 475 
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2.2 Establishing	Cleanliness	Target	
 
Any recovered (filtered) process material will need to satisfy at a minimum a number of water quality tests, these tests 
are based on the  European Drinking Water Quality of 2014 [9], listed below are the key aspects of the EPA standards 
of most concern to the partner organisations. The list of tests outlined in Table 3 was formulated after significant 
interaction with 6 industrial partners to establish the key areas of interest within the standard from an industrial 
perspective.  
Table 3 Water Quality Testing Criteria 
Key Testing Criteria 
Chemical Oxygen Demand 
(COD) Ammonium (NH4
+) Chlorine (Cl2) 
Colilert 18 (Fecal Coliforms 
and E. Coli) 
Conductivity Sulphate (SO4) Nitrate (NO3-N) Enterolert (Enterococci) 
Hydrogen Ion Concentration 
(pH) Fluoride (F
-) Nitrite (NO2-N) Total Bacterial Count (TBC) 
 
 
While achieving the EPA standard ensures water cleanliness, this research also performed a detailed  comparison 
between the EPA standard and the current water cleanliness levels to determine the level of customer expectation 
regarding water quality. It may not be enough to simply meet the standard, it may be necessary to beat the standard 
and achieve a similar level to water currently used within the industry.  
The following section outlines the results obtained from a detailed design of experiments to establish key operating 
parameters and also outlines results obtained from analysis of current water using within the dairy industry compared 




3.1 Design of Experiments 
Table 1 in the Methods section above shows the order of runs completed to generate key flow rate responses 
of the system and as has been mentioned previously the flow rate was recorded for each run. The flow was measured 
by reading the volume of permeate (material which has passed through the filter membrane) collected over a period 
of ten seconds.  
This was repeated randomly throughout the course of each run and an average flow rate for each calculated. The 
responses are included in Table 4. To mimic production environment two feedstocks were used, Feedstock 1 was a 
0.5% Fat skim milk and water solution with Feedstock 2 being tap water (which has similar COD to milk condensate). 
Table 4 Responses in terms of permeate flow from both iterations of DoE 
  Flow Rate (L/h) 
Speed (Hz) Pressure (psi) UF ¹ NF¹ RO¹ UF² NF² RO² 
L M 11.62 12.14 11.20 31.62 28.44 15.71 
M M 15.45 17.58 17.31 27.76 28.89 19.04 
L L 7.49 5.76 6.31 24.77 11.26 5.93 
M H 11.45 19.88 8.64 39.36 51.12 7.16 
L H 11.57 11.67 11.78 36.22 52.44 8.76 
H H 14.73 13.76 19.29 33.12 51.84 6.35 
H L 11.16 7.94 12.72 21.24 12.56 6.26 
M L 11.23 10.61 10.35 24.34 9.86 10.88 
H M 13.25 7.95 13.61 32.46 35.32 4.13 
1Feed Stock 1,  
2 Feed stock 2 
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Using these responses a statistical analysis of variance was performed using Minitab with Table 5 showing the 
corresponding p-values found in this experiment. 
Table 5 P-Table of corresponding p-values for Analysis of Variance for responses found 
 Analysis of Variance p-value* 
 UF1 NF1 RO1 UF2 NF2 RO2 
Speed (Hz) 0.067 0.041 0.305 0.709 0.231 0.241 
Pressure (psi) 0.020 0.041 0.414 0.014 0.000 0.294 
*Where p < 0.05 is statistically significant 
 
With regard to RO membrane there is no significant input factor, both speed and pressure have p-values greater than 
0.05, further investigation is required to understand the influence of external factors such as fouling of membrane, 
CIP frequency and solids content of the feedstock.  
However from Table 5 it is clearly apparent that for both UF and NF membranes on the filtration unit in question, 
pressure was statistically significant. The effect of pump speed was not statistically significant.  
Therefore, to increase output/ flow rate the pressure of the system should be increased however to achieve a balance 
between increasing output flowrate, long term viability of membranes and the equipment an operating setting of 




To establish a datum level of acceptable quality a detailed analysis, based on the criteria outlined in Table 3 
was performed for 6 dairy processing plants in Ireland. Data on water cleanliness was obtained and compared to the 
EPA requirements, this is outlined in Table 6. 
Table 6 Comparison of Key Quality Requirements to EPA Requirement 
Parameter Units EU 2014 Company Average Pass/Fail 
Ammonium mg/l 0.3 0.242167 Pass: 19% below required level 
Nitrite mg/l 0.5 0.37575 Pass: 25% below required level 
Fluoride (a) Fluoridated Supplies mg/l 0.8 0.7068 Pass:12% below required level 
Nitrate mg/l 50 38.5725 Pass:23% below required level 
Chloride mg/l 250 212 Pass:15% below required level 
Sulphate mg/l 250 210.6667 Pass:16% below required level 
Conductivity µS/cm @ 20°C 2500 537.23 Pass 
Hydrogen ion concentration pH units ≥6.5 ≤ 9.5 7.16 Pass 
Escherichia coli (E. coli) number/100ml 0 0 Pass 
Enterococci number/100ml 0 0 Pass 
Coliform Bacteria number/100ml 0 0 Pass 
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Key chemical requirements are illustrated graphically in Figures 4 to 9, from both Table 6 and these Figures it is 
















From Table 6 and Figures 4 through 9 it is apparent that the water currently employed on Irish Dairy Processing sites 
is significantly better than the minimum quality requirement as outlined by the EPA. With for example Nitrate levels 
being 23% better than is required at an average level of 0.376 mg/l compared to the standard requirement of 0.5 mg/l. 
This research has therefore outlined that to ensure customer confidence in using recovered water, it will not be 
sufficient to simply meet the EPA quality standard, it will be necessary to ensure that any recovered water is at the 
same level of water currently being employed on site. 
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This work has outlined the examination of filtration systems as a method for processing solutions of between 0 and 
0.5% fat, the datum level of water cleanliness across 6 partner plants has been established. Samples have been 
processed through UF, NF and RO membranes with specific optimal machine operating conditions outlined. 
Employing a successful filtration process may offer the potential to reuse skim milk condensate, and with on average 
250,000m3 of condensate being generated per annum across 4 sample sites, this represents a significant opportunity 
to reduce hydraulic loading.   
While this paper has focused filtration equipment optimisation and the establishment of a datum level of acceptable 
quality, this research has  further analysed and sampled a wide range of waste streams across a number of partner 
plants. These have been analysed and compared to the drinking water standard, these have been analysed to determine 
if samples from different sites exhibit the same characteristics and thereby can be treated/filtered in a similar manner. 
Based on the classification  of these 28 waste streams, 5 to date have been processed through the filtration system, 
with work currently underway to determine the effectiveness of filtration on these waste streams. 
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